Femtosecond extreme ultraviolet (XUV) pulses produced by high harmonic generation are used to probe the transition-state region in the 266 nm photodissociation of CH 3 I by the real-time evolution of core-to-valence transitions near the iodine N-edge at 45−60 eV. During C−I bond breaking, new core-to-valence electronic states appear in the spectra, which decay concomitantly with the rise of the atomic iodine resonances of I( 2 P 3/2 ) and I*( 2 P 1/2 ). The short-lived features are assigned to repulsive valence-excited transition-state regions of 3 Q 0 and 1 Q 1 , which can connect to transient core-excited states via promotion of 4d(I) core electrons. A simplified oneelectron transition picture is described that accurately predicts the relative energies of the transient states observed. The transition-state resonances reach a maximum at ∼40 fs and decay to complete C−I dissociation in ∼90 fs, representing the shortest-lived chemical transition state observed by corelevel, XUV, or X-ray spectroscopy.
E xtreme ultraviolet (XUV)/X-ray absorption spectroscopy is an exceptionally powerful method for probing the electronic structure of molecules through the fingerprint of core-to-valence transitions. Steady-state XUV and X-ray absorption measurements provide remarkable sensitivity to the oxidation states, spin-states, chemical environment, and electronic structure of long-lived reactants and products. 1−4 However, a key to understanding chemical reaction dynamics is in the characterization of the transition-state region between the thermodynamic minima of reactants and products. 5 With the development of methods for generating ultrashort X-ray pulses using high-harmonic generation (HHG), X-ray slicing, and free electron lasers (FELs), the uniquely powerful capabilities of core-to-valence spectroscopies are now being applied in the ultrafast time domain to study short-lived states and species, and even to gain unprecedented access to the electronic structure of transition states of chemical reactions. 4,6−15 While other spectroscopic methods have enabled the detection and temporal tracing of transition states in the recent past, 5,16−19 the frontier of femtosecond X-ray techniques is now aiming to exploit its particular advantages to reveal detailed, atom-specific chemical information regarding the bonding and valence electronic structure in the transition-state region. In the present work, we apply femtosecond XUV transient absorption spectroscopy based on a HHG source to directly observe the evolving valence electronic structure in the transition-state region of the sub-100 fs photodissociation reaction of methyl iodide in the A band. This is the shortest-lived molecular transition state captured by core-level, X-ray or XUV spectroscopy. Furthermore, the evidence for a direct observation of the evolving valence electronic structure through the chemical transition-state region is particularly clear.
The UV absorption spectrum of methyl iodide in the A-band is characterized by n(I) → σ*(C−I) transitions corresponding to promotion of a nonbonding electron localized on the iodine atom to an antibonding orbital localized on the C−I bond. 20 The optically allowed states include two weak perpendicular transitions to the 3 Q 1 and 1 Q 1 states and one strong parallel transition to the 3 Q 0 state. 20−23 A-band decomposition reveals that 266 nm absorption is characterized essentially entirely by the 3 Q 0 state, correlating to the spin−orbit excited I atom ( 2 P 1/2 ), or I*. 24 There is a conical intersection near the Franck−Condon window for absorption, allowing crossing onto the 1 Q 1 surface, which is correlated to the ground-state I atom ( 2 P 3/2 ). 25 Dissociation to I* via the 3 Q 0 state is the major reaction channel at 266 nm by a ratio of ∼3:1. 26, 27 Femtosecond clocking measurements that probe the rise of the final atomic products have determined dissociation times for I and I* channels of 84 ± 12 fs and 94 ± 6 fs, respectively. 28 Here, we utilize 4d(I) core-to-valence transitions to follow the dissociation process through the 3 Q 0 and 1 Q 1 transition-state regions and to the final atomic products.
The UV-pump, XUV-probe experimental apparatus, and methodology have been previously described 12 and are discussed in detail in the Supporting Information. Briefly, gasphase CH 3 I molecules are photoexcited into the A band via one-photon absorption at 266 nm. The photoexcited molecules are probed with broadband (35−60 eV, sub-35 fs) XUV pulses, which are produced via HHG driven by two-color 800 nm (1.6 mJ) + 400 nm (25 μJ) driving pulses in Ar gas. The transient absorption spectra (ΔOD) are obtained by measuring the energy-resolved XUV transmission through the sample in the presence of the 266 nm pump pulse, at a particular pump− probe time delay, relative to the XUV transmission in the absence of the pump pulse, ΔOD = −log(I on /I off ).
The probing scheme is qualitatively presented in Figure 1a from the perspective of the potential energy curves along the C−I reaction coordinate and in Figure 1b −e from the molecular orbital perspective, showing the relevant orbitals. Transient core-to-valence resonances of the dissociating molecule are observed for the first time, which represent the evolution of the valence electronic structure from the transition-state region to the products. The observations can be understood in terms of a simple one-electron transition picture, wherein the 4d core electrons are promoted to fill the "optical hole" in the n(I) valence orbital following 266 nm excitation.
The ground-state electronic configuration of methyl iodide in C 3v symmetry is ···(4d) 10 (1a 1 ) 2 (2a 1 ) 2 (1e) 4 (3a 1 ) 2 (2e) 4 (4a 1 ) 0 . The relevant orbitals in bold include the 4d(I) core orbitals; the 2e nonbonding orbitals on the iodine atom, which represent the highest occupied molecular orbital (HOMO); and the 4a 1 orbital, which is the σ*(C−I) lowest unoccupied molecular orbital (LUMO). In Figure 2 , the static, ground-state XUV absorption spectrum of methyl iodide is shown, and the result is an excellent match to the spectrum previously obtained using a synchrotron source. 29 The resonant pre-edge transitions are labeled A−F and overlap with an underlying, nonresonant absorption due to valence and core-level ionization. The assignments of the resonances are shown in Table 1 . 29 A spin− orbit doublet is observed for each final state electron configuration, characterized by the ∼1.7 eV spin−orbit splitting of the (4d 5/2 ) −1 and the (4d 3/2 ) −1 states with an I(4d) corehole. 29−31 The most prominent doublet, with resonances at 50.6 and 52.3 eV, corresponds to promotion of a 4d(I) core electron to the σ* (C−I) molecular orbital, resulting in a coreexcited final state with an electron configuration of ··· (4d) 9 (1a 1 ) 2 (2a 1 ) 2 (1e) 4 (3a 1 ) 2 (2e) 4 (4a 1 ) 1 , as depicted in Figure  1b .
The 266 nm excitation in the A band of methyl iodide leads to direct dissociation of the C−I bond, forming a methyl radical and an I( 2 P 3/2 ) or I*( 2 P 1/2 ) atom. Figure 3 shows a representative data set (out of >50 data sets) of the differential absorption in the "long delay time" limit, capturing the transient absorption spectrum of the asymptotic products after photodissociation of methyl iodide. The transient absorption spectrum in Figure 3 is a time-averaged spectrum taken by summing the results of 28 time delays ranging from 300 fs to 1.5 ps. The sharp product absorption features at 46.2, 46.9, and 47.9 eV correspond to the well-known 4d → 5p coreto-valence transitions of atomic I and I* (Figure 1a ). In order of ascending energy, these transitions are known to be the 2 P 3/2 → 2 D 5/2 , 2 P 1/2 → 2 D 3/2 , and 2 P 3/2 → 2 D 3/2 transitions of atomic iodine, respectively. 32, 33 To capture the dissociating molecule in the transition-state region, transient spectra at short time delays between 0 and 100 fs are compared to the final spectrum obtained from long delay times of the same time scan. Figure 4a A 266 nm photon excites CH 3 I into the 3 Q 0 potential energy surface, which correlates with CH 3 + I*( 2 P 1/2 ) fragments. A nonadiabatic curve crossing at a conical intersection leads to population of the 1 Q 1 state, which correlates with CH 3 + I( 2 P 3/2 ) products. While in the repulsive transition-state regions of the 3 Q 0 and 1 Q 1 valence-excited states, XUV absorption into transient core-excited states are represented with purple arrows. Transitions from the atomic 2 P 3/2 and 2 P 1/2 states into the 2 D 5/2 and 2 D 3/2 core-excited atomic states are drawn with purple arrows in the asymptotic limit. ∼45.6 eV as a shoulder on the low-energy side of the I atom 2 P 3/2 → 2 D 5/2 resonance. Transient feature B appears as a shoulder at ∼47.3 eV, on the high-energy side of the I* ( 2 P 1/2 → 2 D 3/2 ) resonance, and it is the more prominent of the transients. A third weaker transient feature near 48.4 eV appears at a time delay of ∼50 fs in some data sets, but not in others (including the representative data set plotted in Figure 4a ). Six data sets have been taken, and every data set reveals transient features A and B, but only two data sets reveal the third transient at ∼48.4 eV. This third transient is apparently at the edge of the detection limit and is therefore not included in the present analysis, but it will be addressed in future work on another molecule, where it is more prominent.
In Figure 4 , the temporal behaviors of the transient features A and B at short time delays are shown as lineouts of the differential absorption amplitude at 45.6 and 47.3 eV as a function of time. Because transients A and B are slightly overlapping the final product absorption, the transient absorption signals at these energies do not decay completely to zero, but rather decay to an asymptote corresponding to the small absorption amplitude in the final product spectrum (see Supporting Information). To decouple the effect of a rising product absorption that underlies the pure transient population, the background contribution from the rise of the pure atomic resonances to the absorption amplitude at transients A and B is subtracted (see Supporting Information for details). The final background-subtracted lineouts of a representative data set (out of six) are plotted in Figure 4b ,c. The transient features A and B rise within the temporal resolution of the experiment, peaking at ∼40 fs, at which point they decay back to zero amplitude by ∼90−100 fs.
The results can be interpreted based on the well-known photodissociation mechanism in the A band of methyl iodide. Immediately following the 266 nm n(I) → σ*(C−I) valence excitation to the 3 Q 0 state, 4d → n(I) XUV transitions from the 4d core orbital of I to the n(I) nonbonding orbital become available in the 3 Q 0 transition-state region (Figure 1a,d) . On a ∼20 fs time scale, 25 a part of the wavepacket crosses onto the 1 Q 1 surface via the conical intersection near the Franck− Condon window and XUV 4d → n(I) transitions also become available from the 1 Q 1 transition-state region. The XUV 4d → n(I) transitions are expected to be similar in energy to the XUV 4d →5p atomic iodine transitions due to the 5pπ character of the n(I) nonbonding orbital, but may be shifted because of the interaction with the methyl fragment. As seen in Figure 4a , the transient features are close in energy to the pure atomic 4d → 5p resonances. The core-excited final states resulting from XUV 4d(I) → n(I) transitions have an electron configuration of ··· (4d) 9 (1a 1 ) 2 (2a 1 ) 2 (1e) 4 (3a 1 ) 2 (2e) 4 (4a 1 ) 1 (Figure 1d ), which is identical to the core-excited final states accessed via XUV 4d(I) → σ*(C−I) transitions from the ground state (Figure 1b ). There are two final states available, separated in energy by the characteristic spin−orbit splitting of the 4d core-hole, labeled in Figure 1a as (4d 5/2 ) −1 σ* and (4d 3/2 ) −1 σ*.
To rationalize the relative energetic positions of the transient features compared with the atomic resonances to which they converge, we consider a simplified one-electron transition picture. From this picture, we can postulate that the XUV 4d → n(I) transitions should appear at energies corresponding to the difference between the 4d(I) → σ*(C−I) transitions and the n(I) → σ*(C−I) transitions, or in other words, the difference in energy between the valence excited states, 3 Q 0 and 1 Q 1 , and the core-excited states, (4d 5/2 ) −1 σ* and (4d 3/2 ) −1 σ*. Although the potential energy surfaces of the core-excited states are not known along the dissociating C−I reaction coordinate, the energies are known at the ground-state equilibrium C−I bond length and in the asymptotic regions from the static XUV absorption spectra of CH 3 I and atomic I/I*, respectively. Taking this as a starting point, the n(I) → σ*(C−I) transition to the 3 Q 0 state is 4.7 eV above the ground state, while the (4d 5/2 ) −1 σ* and (4d 3/2 ) −1 σ* core-excited states are found from the static absorption measurement to be 50.6 and 52.3 eV above the ground state, respectively (peaks A and B in Figure  2 ). Therefore, we can expect transition energies of 45.9 and 47.6 eV for the 3 Q 0 → (4d 5/2 ) −1 σ* and 3 Q 0 → (4d 3/2 ) −1 σ* resonances, respectively, at the equilibrium bond length. In the asymptotic region, the 3 Q 0 state correlates with the 2 P 1/2 state of atomic iodine and the upper core-excited states become 2 D 5/2 and 2 D 3/2 . The energy differences between the 2 P 1/2 state and the two atomic core-excited states are 46.9 and 45.2 eV, respectively. Although the 2 P 1/2 → 2 D 5/2 transition in the asymptotic region is forbidden by the dipole selection rule, the energy difference between these two states puts a lower limit on the 3 Q 0 → (4d 5/2 ) −1 σ* resonance in the transition-state region. From the energetic considerations above, one can predict two possible resonances from the 3 Q 0 transition-state region: the 3 Q 0 → (4d 5/2 ) −1 σ* transition between 45.9 and 45.2 eV and the 3 Q 0 → (4d 3/2 ) −1 σ* transition between 47.6 and 46.9 eV. These predicted resonance energies agree well with the observed energies of the observed transients A and B at ∼45.6 eV and ∼47.3 eV.
The same procedure can be performed for the 1 Q 1 transitionstate region, subtracting the energy of 5.2 eV 24 for the 1 Q 1 state at the equilibrium bond length from the 50.6 and 52.3 eV energies of the (4d 5/2 ) −1 σ* and (4d 3/2 ) −1 σ* states and comparing to the final product resonance energies of 46.2 eV (47.9 eV) for the 2 P 3/2 → 2 D 5/2 ( 2 P 3/2 → 2 D 3/2 ) transition in the asymptotic region. In this way, the 1 Q 1 → (4d 5/2 ) −1 σ* resonance is predicted to appear in the range of 45.4−46.2 eV, and the 1 Q 1 → (4d 3/2 ) −1 σ* resonance should appear between 47.1 and 47.9 eV. Again, these predicted resonance energies match well with the observed energies of transients A and B at ∼45.6 and ∼47.3 eV. Apparently, both transients A and B could arise from absorption in either or both of the 3 Q 0 and 1 Q 1 transition-state regions. In the present study, transients A and B appear with similar intensities in both parallel and perpendicular pump−probe polarization configurations. Based on energetics, transient A is assigned to transitions into the (4d 5/2 ) −1 σ* core-excited state and transient B assigned to transitions into the (4d 3/2 ) −1 σ* core-excited state, but the assignment of contributions to 3 Q 0 and 1 Q 1 is not yet determined. Although further calculations and experiments are needed to determine the relative contribution of each transition to the observed transient spectrum, the simple and intuitive one-electron transition picture already provides predictive power for the experimental observations without detailed calculations of the accessible states.
Previous femtosecond clocking experiments, which probe the rise of products in the asymptotic region, determined the Aband photodissociation times of methyl iodide to be 84 ± 12 fs and 94 ± 6 fs for I and I*, respectively. 28 The dynamics of the transient features A and B observed in the present studies reflect the motion of the photoexcited methyl iodide molecule through the transition-state region before reaching the asymptotic region. Both transient features observed here rise to a maximum at ∼40 fs and decay completely on a time scale shorter than ∼90 fs, providing the lifetimes of the transition states and connecting well to the picture of the dissociation time scales measured in the clocking experiments. Given the sub-100 fs time scale of the entire bond-breaking process, the transients still shift too fast to capture a continuous energetic shift via the spectrum, which would allow one to map more detail about the core-excited potential energy surfaces. Instead, the intensity is spread over a broader range with shifted centers of gravity relative to the pure atomic resonances, which reflects the average energy difference between valence-and core-excited states in the transition-state region compared to the asymptotic region. Nevertheless, transients A and B represent a direct observation of the evolving valence electronic structure in the localized vicinity of the I atom of methyl iodide during dissociation, exemplifying the unique capabilities of timeresolved X-ray spectroscopy to reveal detailed chemical information on transition states with atomic-site specificity. In future experiments, with even better temporal resolution (e.g., using compressed 266 nm pump pulses below 10 fs and isolated attosecond XUV probe pulses), it may be possible to fully map the core-excited state potential energy surface along the C−I reaction coordinate.
In summary, femtosecond transient core-to-valence absorption spectroscopy is used to noninvasively and directly probe the transition-state region of a prototypical photodissociation reaction. The XUV absorption spectrum captured at sub-100 fs time delays (e.g., 50 fs in Figure 4a ) provides a direct observation of the transient valence electronic structure in the transition-state region leading to photoinduced bond-breaking of methyl iodide. This is the shortest-lived chemical transition state ever observed by core-level, X-ray, or XUV spectroscopy. An intuitive one-electron transition picture closely approximates the experimentally determined energies of the transient resonances. The results presented here provide a benchmark for future experiments and calculations aimed at leveraging the powerful advantages of XUV and X-ray core-to-valence absorption spectroscopy to expand our understanding of transition states of chemical reactions. 
